Proton transfer in imidazole-based molecular crystals Proton transfer in imidazole-based molecular crystals Abstract Heterocycles' aggregates show rather good proton conductivity. In particular, condensed structures formed by imidazole rings that are held together by polymeric chains have attracted some interest as possible candidate materials for fuel cell membranes. However, the details of the proton diffusion process could not be resolved by means of experimental measurements because of the fast rearrangement of the structure after each proton exchange. In this work, we report in detail the results of ab initio molecular dynamics calculations, which were briefly presented in a previous Letter [M. Iannuzzi and M. Parrinello, Phys. Rev. Lett. 93, 025901 (2004)]. The conformational changes associated with the diffusion of protons in model crystalline structures containing chains of imidazole rings are described in the framework of an atomistic approach. In particular, the bonding pattern characterizing the structure of imidazole-2-ethylene-oxide doped by an excess proton is also studied through the calculation of the H-1 NMR chemical shifts. The unresolved resonances appearing in the experimental spectra could be associated with specific structural features, in connection with the fluctuating hydrogen bonding. The analysis of the distortions that induce or are induced by the mobility of the protons offers some new hints for the engineering of new proton conducting materials. Heterocycles' aggregates show rather good proton conductivity. In particular, condensed structures formed by imidazole rings that are held together by polymeric chains have attracted some interest as possible candidate materials for fuel cell membranes. However, the details of the proton diffusion process could not be resolved by means of experimental measurements because of the fast rearrangement of the structure after each proton exchange. In this work, we report in detail the results of ab initio molecular dynamics calculations, which were briefly presented in a previous Letter ͓M. Iannuzzi and M. Parrinello, Phys. Rev. Lett. 93, 025901 ͑2004͔͒. The conformational changes associated with the diffusion of protons in model crystalline structures containing chains of imidazole rings are described in the framework of an atomistic approach. In particular, the bonding pattern characterizing the structure of imidazole-2-ethylene-oxide doped by an excess proton is also studied through the calculation of the 1 H NMR chemical shifts. The unresolved resonances appearing in the experimental spectra could be associated with specific structural features, in connection with the fluctuating hydrogen bonding. The analysis of the distortions that induce or are induced by the mobility of the protons offers some new hints for the engineering of new proton conducting materials.
I. INTRODUCTION
The increasing interest in fuel cell technology, which is based on devices that convert directly chemical energy into electrical energy with low emission of pollutants, has stimulated the research and development of alternative materials aiming at the optimization of the performances and the lowering of the costs.
1,2 One critical part of the device is the separator material, an electrolyte conducting preferentially one kind of ion, but impervious to electrons. The conductivity in electrolytes that work at relative low temperature ͑50-200°C͒ relies on the diffusion of protons. 3 The most commonly used materials in this category are the polymer electrolyte membranes, where the dissociated protons are solvated in water and diffuse through the cavities of the porous membrane. An alternative might be the development of fully polymeric electrolytes, where the proton supply comes either from self-dissociation of the constituents or by doping. The aim is to obtain mechanically solid structures characterized by liquidlike dynamics, i.e., showing plastic behavior. 4 Thanks to the structural flexibility, the force field and the energy increase due to the presence of the dissociated proton are attenuated by a local disorder, which redistributes the structural strain over many atoms in the surrounding region. Therefore, the diffusion of the charge is a collective mechanism and relies on the connectivity between equivalent proton sinks, typically provided by networks of hydrogen bonds.
The imidazole molecules, like other heterocycles such as pyrazole and benzimidazole, are known to condensate in crystalline structures held together by hydrogen bond networks, where excess protons can be easily solvated. Kreuer et al. 5 have shown that in such networks the excess protons can diffuse at a pace similar to that of protons in water. In principle, these materials might be used to design fuel cell membranes operating at intermediate temperatures ͑120-200°C͒, thanks to their higher melting point ͑e.g., the T c of the imidazole crystal is 90°above the water melting point͒. However, due to their volatility, the heterocycles cannot simply replace H 2 O molecules as proton solvent in the polymeric membrane. Their immobilization is required to guarantee the necessary structural stability. Within this context, the imidazole-ethyleneoxides engineered by Schuster and co-workers 6,7 seem to be good candidates. The rigidity of the polymeric backbones and the added molecular weight determine an even higher melting temperature. Highresolution 1 H solid state NMR has been widely used to investigate the nature of the proton mobility and the related conductivity in imidazole 8 and in the family of ethyleneoxide-tethered imidazole rings, Imi-nEO. 9, 10 The proton conductivity has been measured as a function of the temperature, the density of defects, the degree of amorphicity, the connectivity of the imidazole molecules, and other parameters. 9 The results indicate that the diffusion process is characterized by two types of proton dynamics, fast and slow. Moreover, the mobility of the protons seems to be associated and probably even enhanced by the presence of structural defects. By analogy to water, we can speak of a two-step, Grotthus-type mechanism, 11 where the fast proton hopping between hydrogen-bonded molecules has to be followed by thermally activated molecular rearrangements. However, the details of the dynamic behavior could not be resolved by spectroscopic techniques such as NMR, because of the fast atomic relaxation that follows the proton movement. techniques is required for a better insight in the properties of this class of materials and as an important example of proton dynamics in condensed matter. Ab initio and tight binding molecular dynamics ͑MD͒ simulations have already been used to investigate the proton diffusion in imidazole chains 12 and in perovskite-type oxides, 13 respectively. In this work, we present a detailed study on the proton diffusion in imidazole-based crystals, carried out by ab initio molecular dynamics. Part of the reported results were already published in a previous Letter.
14 This extended version provides a complete description of the observed proton diffusion pathways. The nature of the bonding interactions characterizing the doped crystals is thoroughly investigated. The evolution of the structure across the sequence of intermediates is followed step by step, to shed light on the role of the fluctuating hydrogen bonding. With the help of the calculation of the 1 H NMR chemical shifts of specific stable configurations, the observed diffusion mechanism is discussed in connection with the experimental findings. The goal is to better understand the dynamic processes that are responsible for the short-and long-range transfers of protons in two model systems: the imidazole crystal ͑Imi-Cry͒ and the crystalline phase of imidazole-2-ethylene-oxide ͑Imi-2EO͒. The metadynamics approach ͑MTD͒ is employed 15 to efficiently reproduce the complex reaction pathways by a thorough sampling of the available configurational space.
In the next section, the adopted computational techniques are briefly described. In Sec. III, the diffusion process in the doped Imi-Cry is discussed in detail. In the last part, we consider the more interesting case of the oligomer-bound proton solvent Imi-2EO.
II. METHOD
The study presented in this work is based on MD simulations carried out in the framework of the Car-Parrinello ͑CP͒ scheme, 16 as implemented in the CPMD program package. 17 The electronic structure is described by the density functional theory in the self-consistent formulation of Kohn and Sham 18 ͑KS͒. A finite plane wave basis set is used for the expansion of the orbitals and is limited by an energy cutoff of 70 Ry. Only the valence electrons are treated explicitly, whereas their interactions with the ionic cores are described through norm conserving Martins-Trouiller 19 pseudopotentials, in the Kleinman-Bylander form. 20 For the exchange and correlation contributions we use the BeckeLee-Yang-Parr functional ͑BLYP͒. 21, 22 The MD simulations are performed in the constant volume and constant temperature ensemble. Periodic boundary conditions ͑PBCs͒ are applied to represent the infinite bulk. Doped systems are obtained by adding free protons in the simulation box. The required compensation of the extra charges is treated according to the scheme of Barnett and Landman.
The calculation of the NMR chemical shift is based on the generalized density functional perturbation theory, as introduced by Putrino et al. 24 The calculation of the NMR parameters requires the definition of the position operator, which is ill defined in periodic systems. The solution adopted by Sebastiani and Parrinello 25 exploits the concept of maximally localized Wannier functions 26 and the definition of the position operator in terms of the geometric Berry's phase introduced by Resta and Berghold et al. 27, 28 The gauge problem is treated by a variant of the continuous set of gauge transformations 29 ͑CSGT͒ method and the current density can be calculated at each position in space. Further technical details about the method can be found in Refs. 25 and 30, while examples of other applications related to hydrogenbonded systems are in Refs. 31 and 32.
In order to sample long time scale events, we adopt the metadynamics methodology based on the Lagrangian formulation, as described in Ref. 15 . The MTD approach is based on non-Markovian "coarse grained" dynamics, 33 aiming at the description of specific rare events through the definition of a restricted number of collective variables ͑CVs͒. The CVs are analytical functions of the degrees of freedom of the system, ͕S ␣ ͕͑R I ͖ , ͕ i ͖ , h͖͒, i.e., of the atomic coordinates, the electronic wave functions, and the simulation box. In the present case, we use CVs that are functions of the atomic coordinates only. The choice of CVs is crucial to obtain the correct minimum energy pathway. They should include all the relevant modes that take a role in the process, but cannot be sufficiently sampled within the typical MD time scale. In the configurational space defined by the CVs, the coarse grained trajectory, here named MTD trajectory, is determined by the dynamics of the additional, independent variables ͕s ␣ ͖, through the extended Lagrangian 16, [34] [35] [36] 
where L CP is the Car-Parrinello Lagrangian. 16 An exhaustive description of this extended Lagrangian can be found in Ref. 15 . Here it is worth mentioning that the history-dependent potential, V͑t , s͒, is used to promote an efficient and complete exploration of the available configurational space. This potential is constructed by the iterative accumulation of small, repulsive Gaussian-type hills, which are deposited along the MTD trajectory, in order to reduce, on the fly, the probability of visiting again the same configurations. At the same time, during the iterative procedure, the V͑t , s͒ potential collects valuable information about the explored space. This knowledge can be used a posteriori to reconstruct the free energy surface ͑FES͒. The resulting trajectory is not a real dynamic trajectory, since the underlying potential is constantly modified. However, it follows the minimum energy path and explores all the accessible states, provided that the CVs and the MTD parameters are properly chosen. More details about the optimal choice of the time-dependent potential and of the other metadynamics parameters can be found in previous publications. 15, 37 A number of applications have shown that the metadynamics associated with the CP method is a powerful tool, capable of disclosing the most probable configurations visited by the system during the transformation process.
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A. Collective variables
The choice of the CVs is obviously strictly dependent on the specific processes under investigation. From structural considerations and previous experimental evidences, 3, 8 one can confidently conclude that the proton mobility in Imi-Cry and Imi-2EO is made possible by the chains of imidazole molecules connected by N-H¯N hydrogen bonds. The top panel of Fig. 1 displays the characteristic chain in the structure of Imi-Cry, whereas the bottom panel is the same portion of the crystal in the presence of an additional proton. The position of the excess proton is identified by a local molecular distortion, due to the repulsive interaction between the two protons sharing the same intermolecular site. Therefore, in order to describe the diffusion through the crystal, the CVs should be able to characterize the changes in the chemical environment caused by the local rearrangements. The molecules may undergo rotations and slight displacements; we expect them not to diffuse through the crystal, at least at the temperatures used in the reported simulations. Therefore, the effective diffusion can be quantified by the relative displacement of the protons with respect to the displacement of the N atoms. The corresponding analytic expression of this CV is
where the index i runs over a subset of H and the index j over a subset of N, taking into account only those atoms forming the chain of imidazoles perturbed by the defect. The displacements d i and d j are computed with respect to the starting configuration of the MTD run. The projection of d on the crystallographic direction of the imidazoles' chain, ͓lmn͔, is the effective contribution to the diffusion. This direction is ͓001͔ for Imi-Cry and ͓110͔ for Imi-2EO. The second type of CV is the coordination number of one N atom with respect to the H atoms of the chain, given by
where r i is the distance of the proton i from N and r 0 is a cutoff distance. In the present work, r 0 is 2.5 Å and the exponents n and m are 2 and 8, respectively. In an undoped chain of imidazoles ͓see Fig. 1͑a͔͒ , half of the N atoms are covalently bonded to a proton, and the corresponding S CN is 1. The second half form a hydrogen bond with the proton situated on the next molecule; therefore S CN is about 0.5. When one proton is added, it forms a covalent bond with an initially bare N, as shown in Fig. 1͑b͒ . Since two protons share the same intermolecular space, the coordination number of the two closest nitrogen atoms, N1 and N2, is larger than 1. Therefore, S CN is suitable to detect the variations in the chemical environment around the N atoms, caused by the diffusing proton.
Another type of variable that has been used is the rotation angle of the imidazole molecule with respect to the axis of the chain. Actually, the most probable way to transfer the proton from one side of the molecule to the opposite site is a rotation of the molecule itself. Since the imidazole rings remain planar, the rotation angle can be defined as a bending between the molecular axis connecting the two N and the axis connecting one of these two to a third N located two or three molecules apart, but belonging to the same chain. In this way, the environment of the third N should not be excessively affected by the rotation of the monitored molecule.
III. IMIDAZOLE
The crystal structure of imidazole at room temperature is monoclinic, with four molecules per unit cell. 42 The molecules form linear, hydrogen-bonded chains along the c crystallographic axis, with planes of neighboring molecules twisted by 62°and a N-N separation of 2.81 Å. The structure of parallel chains shown in Fig. 2 is believed to be responsible for the significant drop in the resistivity measured along the c axis, in contrast to the orthogonal directions. 43, 44 To explain the proton diffusion, two mechanisms have been proposed, either a cooperative Grotthus process 45 or a charge defect migration toward the electrodes. 44 However, both these models require the reorientation of the molecules to sustain a current. The molecular rearrangements should occur via the breaking of short hydrogen bonds and crossing activation barriers up to ϳ40 kcal/ mol. [45] [46] [47] MD simulations performed at temperatures below the melting point demonstrate that the proton-hopping event along the hydrogen bond connecting two imidazoles can easily occur, simply due to the thermal fluctuations. However, the final state with one protonated imidazole is unstable, and the proton is quickly transferred back. A more stable conformation can be obtained if the first proton hopping activates a cascade of events, and all the molecules of the chain exchange their proton with the bare N on the next molecule. Such a collective transfer would generate an inversion defect, since the direction of all the hydrogen bonds of one 
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Proton transfer in imidazole-based molecular crystals J. Chem. Phys. 124, 204710 ͑2006͒ chain is reversed; however, such an effect has not been observed in the MD simulations. To estimate to what extent the inversion of the hydrogen bonds can perturb the crystal, all the protons of one chain have been displaced along the hydrogen bonds, and the obtained defected sample has been optimized. The simulation box used in this calculation contains eight primitive cells ͑2 ϫ 2 ϫ 2͒ and 288 atoms. The geometry optimization has been performed by the procedure based on a limited-memory, quasi-Newton algorithm. 48 The defected crystal turns out to be stable. The N-N distances along the inverted chain are slightly reduced, in average by −0.03 Å, whereas the variations of the N-N distances in the neighboring chains are smaller than +0.01 Å. The potential energy of the optimized structure is less than 4 kcal/ mol higher than the energy of the crystal without defects. The small lattice deformation and the small energy increase prove that the crystal can easily accommodate such a defect and that the collective proton hopping is likely to occur via the N-H¯N bridges. However, the hopping alone cannot explain the observed conductivity, since the effective diffusion step requires the transfer of the proton from one intermolecular site to the next one.
To model the behavior of the structure upon doping, we consider the response of Imi-Cry in the presence of an excess proton. The MD simulations are carried out at 180 K, i.e., well below the melting temperature, to describe the proton transfer phenomena in a rigid structure, where the effects of the thermal disorder are limited. In this way, we can clearly distinguish all the steps of the molecular rearrangement, and the underlying energy surface can be better resolved. The mechanism should not change significantly at higher temperatures, provided that the system remains crystalline. Indeed, the main energy barriers are larger than the thermal energy even at 300 K. The system, containing ͑2 ϫ 1 ϫ 3͒ unit cells plus one proton, i.e., 217 atoms, has been equilibrated at 180 K and then quenched down to 0 K by thermal annealing. During the MD run, the added proton is stabilized in an intermolecular position, near a bare N atom. Its presence induces a local deformation of the lattice, due to the repulsive interaction between the two protons sharing the same intermolecular space, as shown in Fig. 3͑A͒ . In the figure, the proton is inserted between molecules III and II, and forms a bond with the N on III. Upon relaxation, a sequence of proton hops, from III to IV and from IV to V, leads to the localization of the charge defect ͑Ch͒ on molecule V. The resulting partial inversion of the chain induces a slight elongation of the N-H bonds on molecule V ͑1.1 Å͒. Besides this charge defect, a rotational defect ͑R͒ is noticed between molecules II and III. The N-H¯N bridge is broken and the intermolecular N-N distance increases to 3.01 Å between II and III and to 2.9 Å between I-II and III-IV. The separation between Ch and R is confirmed by increasing the size of the simulation box up to 12 and 16 molecules per chain. During the equilibration of the protonated structures at 180 K, the charge migrates over five and eight molecules, respectively. The stable state at this temperature is a Zundel-type configuration, where the charged proton is most of the time shared by two neighboring molecules. However, as soon as the temperature is quenched to 0 K by thermal annealing, one of the two molecules takes over the proton so that the charge is localized on its ring ͑Eigen-type configuration͒, and the HImi¯͑HImiH͒ +¯I miH complex is formed. The geometry of the neighboring chains is only slightly affected, especially in the vicinity of R, with variations in the N-N distances always smaller than 0.05 Å. Given the PBCs, the two defects, Ch and R, are always located as far away as possible one from the other. This is a consequence of the extremely low cost of the inversion defect, as discussed in the previous paragraph. A similar inversion in the presence of an excess proton has been previously noticed in a one-dimensional chain of water molecules confined in a nanotube. 49 In the Imi-Cry as in water, the structure relaxes through the redistribution of the perturbation over more molecules, in order to release the strain generated by the excess proton. Thanks to the flexibility of the molecular crystal, the charge can be screened by the quick rearrangement in the network of hydrogen bonds.
A. Diffusion mechanism
The molecular rearrangements, which are the ratelimiting steps in the long-range diffusion, can be reproduced by the application of the MTD approach. In the previous Letter, 14 the MTD trajectory which follows the proton transfer along the imidazole chain has been briefly described. In this work, the full picture of the structure diffusion is reconstructed by the detailed description of the events that constitute the pathway. Starting from the equilibrated structure of the protonated imidazole shown in Fig. 3, a MTD imidazoles labeled by II, III, IV, and V in Fig. 3 . The masses and coupling constants are 30 and 0.35 a.u., respectively. The height of the Gaussian-type hills used to build up the V͑t , s͒ potential varies between 0.6 and 3.8 kcal/ mol. The V͑t , s͒ is updated by adding a new hill every 75 MD steps.
The resulting MTD trajectory shows a complex diffusion pathway, moving through similar intermediate states and over barriers of 10/ 15 kcal/ mol. In Fig. 4 the variations of the KS energy and the behavior of the first CV are plotted. The steplike shape of the CV curve is an indication of the presence of more metastable configurations, which correspond to different values of the proton displacement along the chain. Each transition between two intermediates is associated to a peak in the energy profile, 50 which is followed by a new minimum. The system remains in the new state until the time-dependent potential fills the well up to a transition state and forces the next move. Recrossings of the same barrier occur frequently, once two neighboring wells are equally filled and before a new transition state is found.
Some of the intermediate states encountered during the simulation are schematically represented in Fig. 3 . They have similar energies and can be distinguished from the relative position of the two molecules that form the R defect. The rest of the crystal, instead, is weakly affected. In less than 15 ps of simulation time, the R defect moves over three molecules, from II/III to V/VI. The first molecular rearrangement, from A to B, occurs after 2 ps, crossing a barrier of about 15 kcal/ mol. The hydrogen bond between III and IV is broken and molecule III rotates into a position almost orthogonal to the chain. III is the only significantly rotated molecule, while II is again in line with the chain. The Ch defect migrates to V. The optimized structure of state B turns out to be only 6 kcal/ mol higher in energy. At 3.5 ps, the rotation of molecule III is finalized by a transition over a barrier of the same magnitude. A new hydrogen bond between molecules II and III is stably formed, and the excess proton is now in the intermolecular site between III and IV ͓Fig. 3͑C͔͒. This structure is rather similar to the initial one; indeed, the energy difference between the two geometries is lower than 1 kcal/ mol. The intermediate corresponding to the lowest energy is the one labeled as D; it is a few kcal/mol more stable than A. In D, the distortion of the chain is less pronounced and all the molecules lie flat along the axis. As shown by the curve in Fig. 4 , from C to D the global displacement of the protons is reduced, due to the in-plane, back rotation of molecule III, occurred at about 4 ps. The two N-H covalent bonds on molecules II and III are almost orthogonal to each other. As a result, the repulsive interaction between the two protons is reduced. Probably because of the less important lattice deformation associated to this atomic configuration, in the D state the Ch and R defects can stay closer. Between 5 and 8 ps, the system visits many shallow minima, by repeatedly breaking and forming hydrogen bonds, while molecules III and IV change their reciprocal orientation. The deeper minimum located after 8 ps corresponds to the atomic arrangement shown in Fig. 3͑E͒ . Once more, this state is obtained by an in-plane rotation of molecules III and IV. The R structure is similar to the one in D, since the orientation of the N-H bond of molecule IV is orthogonal to the chain and molecule V seems not to be significantly affected. However, the molecular bending of IV is more pronounced, in order to allow the formation of the hydrogen bond with molecule III. The final state F has been obtained at about 12 ps, after a partial rotation of molecule V. The N-H¯N bridge between molecules V and VI is broken and the N-H bond on molecule V is almost orthogonal to the chain. In this case, also molecule VI is disturbed due to the repulsive interaction between the facing C-H bonds; therefore this state turns out to be slightly higher in energy.
The explored energy surface appears dense in barriers and valleys, where the proton can be easily trapped by the formation of alternative hydrogen bond patterns. The high flexibility of the structure, which easily adapts to the presence of defects, is likely to slow down the proton diffusion process. We did not observe cooperative rearrangements of more than one molecule at the same time, but rather a stepwise process through many metastable states.
IV. IMIDAZOLE-2-OLIGO-ETHYLENOXIDE
The Imi-nEO compounds are formed by networks of EO spacers terminated by imidazole groups. The present study is focused on the crystalline structure of Imi-2EO, which is the only one in the Imi-nEO class that could be prepared as single crystal and has been studied by x-ray diffraction. 9 Its lattice is formed by pairs of Imi-2EO molecules, linked to each other and to other pairs via N-H¯N bridges. Two types of hydrogen-bonded protons are identified, intrapair and interpair protons ͑see Fig. 5͒ . The corresponding N-N distances are 2.83 and 2.87 Å, respectively. The chains of imidazole molecules are formed by the sequence of neighboring pairs, though, unlike Imi-Cry, the presence of the spacers induces strong deviation from linearity and hinders the free rotation of the tethered molecules. If not specified otherwise, the simulations illustrated in the following are performed with a box containing only one primitive cell, i.e., four imidazoles per chain. The Ch defect is created by adding one proton, whose initial position is along one intrapair hydrogen bond. The MD simulations are performed at 200 K, i.e., well below the melting point of Imi-2EO. At low temperature the fine structure of the FES and the presence of shallow minima are highlighted, while they may be washed out by the thermal fluctuations at higher temperatures. However, the overall mechanism should not be affected, since the main energy barriers are definitively higher than a few KT.
A. NMR chemical shift of the doped sample
The optimized structure of the protonated Imi-2EO obtained by thermal annealing from 200 to 0 K is shown in Fig. 6͑A͒ . In analogy to what was observed in Imi-Cry, a R defect is induced by the repulsive interaction between the two protons sharing the same intermolecular site ͑H1 and H2 in Fig. 6͒ . The effective charge is located in a Zundel-iontype structure, which is formed by molecules II and III sharing H3. The R defect is stabilized by the formation of a new hydrogen bond between H1 and the closest O of the opposite spacer in the same Imi-2EO pair. After a short MD at 200 K, started from state A, a further relaxation of the structure is observed. The proton transfer is completed and the charge is delocalized on the ring of molecule III. However, the hydrogen bond involving the spacer's oxygen is still present ͓Fig. 6͑B͔͒. The new state is separated from A by a low barrier of a few kcal/mol, and it is 8 kcal/ mol lower in energy. In analogy to Imi-Cry, the strain induced by the excess proton is partially compensated by the redistribution of the perturbation over more molecules. Since the actual simulation box contains only four molecules along the chain, here the separation between Ch and R is restricted to one molecule only. However, the distance between the charged group HImiH + and the lattice distortion increases with the size of the box, and the series of fast proton hopping produces a partial inversion of the chain. The described reorganization of the hydrogen bond network is a first indication of new interactions induced by the defect in the complex topological structure. The polymeric units seem to favor a local rearrangement of the pattern of hydrogen bonds in order to compensate the increase in energy introduced by the Ch defect.
The presence of domains of local disorder induced by the doping was previously proposed to explain the experimental NMR spectra. The high-resolution 1 H magic angle spinning ͑MAS͒ NMR spectra of the Imi-nEO structures, reported in Ref. 9 , display resonances in three distinguished regions ͑see Fig. 7͒ . Those at higher frequency ͑14-16 ppm͒ are assigned to the "rigid" protons involved in the strong hydrogen bonds between the imidazole molecules. The signals coming from the protons in the ethylene oxide backbone, instead, are shifted to lower frequency ͑7-0 ppm͒. By comparing MAS and double-quantum ͑DQ͒-filtered spectra, 51 it was possible to associate the signals detected at about 10 ppm to protons that are characterized by weaker dipolar interactions. According to Goward et al., they reveal the presence of fluctuating hydrogen bonding and disordered domains that might be related to the charge transport process. However, the nature of the interactions responsible for these resonances could not be better identified. The spectra computed by density functional perturbation theory ͑DFPT͒ confirm this interpretation. The spectrum of the undoped Imi-2EO crystal in Fig. 7͑a͒ well reproduces the features below 7 ppm and above 14 ppm. The two peaks at 15.5 and 16.5 ppm identify the protons forming inter-and intrapair 1 H NMR spectra of the Imi-2EO crystal. ͑a͒ DFPT chemical shift spectrum of the undoped crystal structure. ͑b͒ DFPT spectrum of the protonated structure in the B configuration. ͑c͒ DFPT spectrum of the B state obtained with a simulation box containing two unit cells, ͑2 ϫ 1 ϫ 1͒. ͑d͒ Experimental high-resolution solid state NMR spectrum reported in Ref. 9. hydrogen bonds, respectively. No resonances are spotted, instead, in the intermediate region. They appear only in the spectrum computed for the protonated structure. The spectrum shown in Fig. 7͑b͒ is obtained from the protonated unit cell of Imi-2EO, in its equilibrium state B. The additional resonances at ca. 10 ppm are attributed to the few protons that are involved in the distortion of the structure around the R defect. In particular, the resonance from H1, forming a weak H¯O hydrogen bond ͑1.8 Å͒, is at 12.2 ppm, while the resonance from H2 is shifted to 9.72 ppm, since it is not forming any hydrogen bond. Moreover, since the hydrogen bond connecting imidazole I to the previous molecule in the chain is strongly distorted ͑2 Å͒, the resonance of the relative proton is lowered to 11.32 ppm. Instead, the intermolecular N-N distance, between III and IV, is reduced and, as a result, the resonance of H4 is shifted towards higher frequencies.
To rule out possible size effects, the equilibration of the doped Imi-2EO has been repeated with a simulation box twice as large ͑296+ 1 atoms͒. The relaxation of the atomic positions in the vicinity of the defect leads to a similar geometry. We observe the formation of the O¯H hydrogen bond ͑1.79 Å͒, the rotation of the two molecules out of the chain's axis, and the migration of the charge over three molecules through a sequence of proton transfers. Also the NMR spectrum shows the same main features ͓Fig. 7͑c͔͒, the relative intensities of the resonances being different because of the lower defect concentration in the larger box. These results are in semiquantitative agreement with the experiments and demonstrate that the doping-induced peaks are to be associated with the R defect and the local rearrangement of the hydrogen bonds. The next step is to understand the role of the dynamic fluctuations of the hydrogen bonding in connection with the proton conductivity.
B. Diffusion mechanism
Some aspects of the proton diffusion mechanism reproduced by the MTD were already reported in the previous Letter.
14 In that paper, the diffusion mechanism was described as a sequence of similar intermediate states, rather close in energy and separated by barriers of about 20/ 30 kcal/ mol. It turns out that the transition from one minimum to the next occurs through the partial rotation of two molecules, with breaking and formation of hydrogen bonds. The encountered metastable configurations are characterized by bonding patterns that are similar to the one of state B, described above. However, since the R defect diffuses along the imidazole chain, the identity of the protons involved in the rearrangements changes constantly. Here, a detailed analysis of this same mechanism is reproposed. The bonding patterns of several intermediate states are compared and the effects of selecting a different set of CVs are taken into account. The computed 1 H NMR spectra of the most relevant intermediate states are discussed to give a better interpretation of those signals assigned to the weak dipoledipole interactions in the experimental spectra.
Five CVs have been selected to observe the long-range proton movement. One variable is the displacement of the five protons H1-H5 ͑see Fig. 6͒ with respect to the nitrogens, as given in Eq. ͑2͒. Since the Imi-2EO pairs are basically lying in the xy plane, the displacement is projected onto the ͓110͔ direction. For this very slow variable a M ␣ of 5 and a coupling constant of 0.5 a.u. are used. The other four variables are the coordination numbers of the four left nitrogens of the molecules labeled I-IV ͑see Fig. 6͒ with respect to the H atoms ͓see Eq. ͑3͔͒. The mass and the coupling constant used for the coordination numbers are 15 and 0.6 a.u., respectively. The Gaussian-type hills have an average height of 2.5 kcal/ mol and a maximum height of 5 kcal/ mol. The potential is updated by a new hill every 70 steps of MD. Starting from state A, the system transforms immediately into the more stable state B by the proton transfer from II to III. The first real transition occurs after 2 ps, by crossing a barrier of about 15 kcal/ mol. The imidazole II rotates by ca. 90°and a new hydrogen bond is formed between H2 and an O atom of a neighboring pair. Simultaneously, the O¯H1 bond is broken and the structure adapts itself to the new configuration by slight variations in length of the other hydrogen bonds along the chain. The Ch defect moves one molecule farther through the transfer of H4. The relevant portion of the optimized structure corresponding to this state is shown in Fig.  8͑C͒ . In terms of bonding interactions, the B and C states are almost equivalent. The difference in potential energy between the two optimized structures is only 2 kcal/ mol. The computed NMR spectra are also rather similar, both being characterized by three resonances in the range of 9 -12 ppm ͓see Fig. 9͑a͔͒ . However, the three protons responsible for these resonances are different. In C, the signal at 10 ppm is assigned to H1 ͑no hydrogen bond͒, the one at 11.7 ppm to H2 ͑weak O¯H, 1.95 Å͒, and the one at 12.4 ppm to H3 ͑distorted N¯H͒. It should be noticed that in this case the O¯H interaction is weaker, because the O atom belongs to a different pair.
The top panel of Fig. 10 shows the plot of the KS energy computed along the MTD trajectory. The main minima are marked by the labels of the corresponding intermediate states. The plot of the displacement S D , in the bottom panel of the same figure, shows the advancement of the protons along the diffusion path. Within 4 ps after the transition to C, some hydrogen bond fluctuations are observed close to the R defect, and the trajectory explores regions where S D is larger. During this time, no further minima are located. The MTD trajectory remains in the basin of state C until the barrier is recrossed in the opposite direction towards state A and eventually state B. During the next 2 ps, S D is almost constant, since there are no further molecular rotations. However, several proton transfers between molecules II, III, and IV are observed, which are driven by the action of the other CVs. At about 8 ps, this part of the configurational space has been completely explored and the system moves farther towards the next minimum, state E, by crossing a barrier of 25 kcal/ mol. The process is initiated by the migration of the charge from III to IV, followed by the concerted rotation of molecules II and III. Since two protons are transferred simultaneously to the next intermolecular site, the displacement changes by a larger amount ͑see Fig. 10 at about 8 ps͒ and the barrier is higher. Once the rotation has been completed, H5 is transferred from IV to the next imidazole in the chain and H3 forms a hydrogen bond with the closest O in the same pair ͓Fig. 11͑E͔͒. The bonding pattern of state E is equivalent to the one of state B, but the defect is displaced by one Imi-2EO pair. The similarity is evident also from the NMR spectrum reported in Fig. 9͑b͒ . In this case, the resonance at 9.9 ppm is associated to H4, while the signals from H2 and H3, forming weak hydrogen bonds, have converged into a single peak at 12.5 ppm. Other shallow minima are encountered at intermediate values of the proton displacement, between B and E. Molecules II and III fluctuate rapidly among these high-energy configurations by breaking and forming weak hydrogen bonds with either N or O neighbors. Eventually, by the rotation of molecule IV and over a barrier of about 15 kcal/ mol, state E transforms into state F ͑Fig. 11͒. The bonding pattern is equivalent to the one described for state C, but displaced by one pair. In less than 15 ps of simulation time, the charge and the structural defect have migrated over four molecules. Due to the limited size of the sample, the diffusion process cannot proceed further. Instead, a series of back crossings are observed through the same intermediate states, which bring the trajectory back to the initial configuration.
The pathway followed by the described MTD trajectory is not unique, due to the multitude of metastable configurations generated by the fluctuations in the network of hydrogen bonds. For example, the direction of the rotation of one molecule, from left to right or vice versa, during the transitory molecular rearrangement, can determine whether or not the system is trapped in an intermediate position by the formation of an O¯H bond with a neighboring spacer. This is what has been observed in a different MTD run performed with smaller hills and a set of only three CVs. In this case, besides the displacement of the protons, the other two CVs are the coordination numbers of the two N atoms of molecule II. The focus of this simulation is on the orientation of molecule II with respect to the chain. In the first part of the run, this second MTD trajectory follows the same pathway described above. Once the system is in state C, molecule II completes the rotation, and H2 points towards the nearest spacer of the next pair in the chain. The final configuration, where two protons share the same interpair site, is stabilized by the formation of an interpair O¯H bond, between molecule II and the spacer, as illustrated in Fig. 8͑D͒ . The bonding pattern in D is rather similar to those of the other intermediates and the optimized structure is only a few kcal/mol higher in energy. This intermediate was not visited in the previous run. In that case, we observe first a recrossing from C towards B and then a concerted rotation of II and III that ends directly in state E, without passing through state C. During the concerted rotation, molecule II turns in the opposite direction, thereby it is not interrupted by the formation the interpair hydrogen bond. This process would be unfavorable without the simultaneous rotation of molecule III because of the impossibility to form a weak hydrogen bond. Since the second set of CVs does not involve molecules III and IV, from state D the proton cannot proceed further, and the MTD trajectory walks back along the same pathway.
The free energy surface explored in the first MTD run has been reconstructed from the history-dependent potential. Its visualization in two dimensions, shown in Fig. 12 , is obtained by selecting only two of the CVs and integrating the potential over the other three dimensions. 52 The plot is given in terms of the displacement variable S D and of the coordination number of the N atom on molecule I. Two main regions are clearly identified, which correspond to the location of the R defect on the first pair ͑B and C͒ or on the second pair ͑E and F͒. Due to the integration over three of the five variables, the barriers between B and C and between E and F are not well resolved in the picture. From this representation of the free energy, it is possible to appreciate the complexity of the diffusion path through the Imi-2EO lattice. The presence of several comparable minima is responsible for the stepwise mechanism observed along the MTD run. This choice of the x and y axes is optimal to resolve the fine structure of the surface explored in the first part of run, when the excess proton is still close to I and II. The broad area on the right part of the figure shows several close minima, which correspond to the quick fluctuations of the hydrogen bonds described above. Without moving too far from the initial position, the excess proton can be stabilized in different configurations, thanks to the flexibility of the structure. The same type of structured surface would be visible around E and F by plotting the FES as a function of the coordination number of one N atom of the second pair. The contour plot reveals clearly the presence of shallower minima in the intermediate region, where the trajectory shows a diffusive behavior.
V. CONCLUSIONS
The structural response of two imidazole-based crystal structures in the presence of a doping proton has been studied in the framework of an atomistic approach. By means of the MTD approach, it has been possible to reproduce the complex mechanisms of proton diffusion in the doped ImiCry and Imi-2EO, in a few picoseconds of simulation time. It turns out that, in both structures, the excess proton can be easily accommodated by a local rearrangement of the hydrogen bond patterns, thanks to the flexibility of the molecular crystals. The fast proton hopping favors the separation between the charge and the structural defect, thus redistributing more efficiently the additional energy and reducing the internal strain. The observed diffusion processes go through a sequence of similar intermediate states, which are characterized by almost equivalent bonding patterns. However, in each of the identified intermediate states, the identity of the atoms involved in the rearrangement changes due to the displacement of the defect through the crystal. Of particular interest is the case of the Imi-2EO structure, where the MTD results demonstrate that the presence of the neighboring pairs provides additional ways to stabilize the defected structure. The activation of a new type of interactions explains the presence of additional resonances in 1 H NMR spectra in the 9 -12 ppm range. The fact that these signals show a weak dipolar interaction is associated to the mobility of the protons, as previously suggested. Namely, the modified pattern of hydrogen bonds, associated to the structural defect, migrates together with the charge. As expected, this migration turns out to be the rate-limiting step in the proton diffusion. The stepwise pathway proceeds through partial rotations of the imidazole molecules. Each step is stabilized by the formation of O¯H, and the transitions are characterized by relative low energy barriers. On the other hand, the protons can be easily trapped by such interactions with the oxygens and the process is slowed down by the multitude of almost equivalent rearrangements. It is likely that at higher temperatures some of the shallower metastable states are destabilized, and the proton moves faster through the region connecting two deep minima. The results of this study provide useful indications and hints for the engineering of new materials that might be used as proton conductors working efficiently at low temperatures.
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